We study the static black holes in the large D dimensions in the Gauss-Bonnet gravity with a cosmological constant, coupled to the Maxewell theory. After integrating the equation of motion with respect to the radial direction, we obtain the effective equations at large D to describe the nonlinear dynamical deformations of the black holes. From the perturbation analysis on the effective equations, we get the analytic expressions of the frequencies for the quasinormal modes of charge and scalar-type perturbations. We show that for a positive Gauss-Bonnet term, the black hole could become unstable only if the cosmological constant is positive, otherwise the black hole is always stable. However, for a negative Gauss-Bonnet term, we find that the black hole could always be unstable. The instability of the black hole depends not only on the cosmological constant and the charge, but also significantly on the Gauss-Bonnet term. Moreover, at the onset of instability there is a non-trivial static zero-mode perturbation, which suggests the existence of a new nonspherically symmetric solution branch. We construct the non-spherical symmetric static solutions of the large D effective equations explicitly. 
Introduction
Recently it has been found that black hole physics in Einstein's gravity can be efficiently investigated by using the 1/D expansion in the near region of the black hole. The large D expansion was first proposed by R. Emparan, R. Suzuki and K. Tanabe (EST) in [1] and subsequently developed in a series of papers [2] . The essence in the large D expansion is that when the spacetime dimension is sufficiently large D → ∞, the gravitational field of a black hole is strongly localized near its horizon due to the dominant radial gradient of the gravitational potential. As a result, for the decoupled quasinormal modes [3] the black hole can be effectively taken as a surface or membrane embedded in the background spacetime [4, 5, 6, 7, 8, 9 ]. The membrane is described by the way it is embedded into the background spacetime, and its nonlinear dynamics is determined by the effective equations obtained by integrating the Einstein equations in the radial direction. Then the frequencies of the decoupled quasinormal modes of the black hole solutions can be obtained by performing the perturbation analysis of the effective equations. Furthermore, by solving the effective equations with different embedding of the membrane, one can construct different black hole solutions such as non-uniform black string [10] and black rings [9] , and study numerically the final fate of their evolutions due to the instability [8, 11, 12] .
To understand the large D expansion method better, it is valuable to extend the study to other gravity theories. One of most interesting generalization of Einstein gravity in higher dimensions is the Lovelock higher-curvature gravity of various orders. The most attractive feature of the Lovelock gravity is that its equations of motion are still the second order differential equations such that the fluctuations around the vacuum do not have ghost-like mode. Among all the Lovelock gravities, the second-order Lovelock gravity, the so called Einstein-Gauss-Bonnet gravity, is of particular interest. It includes the quadratic terms of the curvature tensors which appear as the leading-order correction in the low energy effective action of the heterotic string theory [13, 14] . The exact spherically symmetric black hole solution of the Gauss-Bonnet gravity theory was discovered by Boulware and Deser [14] and independently by Wheeler [15] (but without a cosmological constant). The construction of the Gauss-Bonnet black hole solution was later generalized to the case with an electric charge [16, 17] .
The study of the Gauss-Bonnet black holes at large D was initiated in [18] . The quasinormal modes of the black holes in the large D limit have been computed carefully. It was found that the decoupled quasinormal modes, which characterize the information of the black hole, share the similar features as the ones in the Einstein gravity. The computation of the quasinormal modes in [18] relied on the master equations of the fluctuations. On the other hand, it turns out to be more efficient at large D to study the black hole dynamics using the effective theory. In this paper, we would like to discuss the large D effective theory of the Gauss-Bonnet black holes and study their instabilities.
The stability of the black hole under the perturbation is an important issue. It has been investigated for the Gauss-Bonnet black holes since their findings. For the asymptotically flat Gauss-Bonnet black holes it was found in [19, 20] that such black holes are unstable against gravitational perturbations in five and six dimensions but become stable in higher dimensions [21] . For a Gauss-Bonnet black hole with a positive cosmological constant, it was shown in [22] that the black holes becomes unstable in D ≥ 5 dimensions at sufficiently large values of the cosmological constant. In [18] , the instability of the asymptotically flat Gauss-Bonnet black holes at large D has been discussed in two interesting limits. One limit is that the Gauss-Bonnet term can be treated as a small correction to the Einstein gravity, and the other one is to let the Gauss-Bonnet term be dominant. In both cases the GaussBonnet black holes are found to be stable. One unsolved question is the instability of the black hole for an arbitrary Gauss-Bonnet term. Moreover, the studies on the stability of the black hole have been focused on the case with a positive Gauss-Bonnet term, it would be interesting to consider the case with a negative Gauss-Bonnet term.
In the presence of the cosmological constant and the charge, the stability of the black hole at large D can be very different. In [23] , it was shown that the de Sitter ReissnerNordstrom black hole in the Einstein gravity becomes unstable against scalar-type gravitational perturbation when the charge is sufficient large. Moreover, it was found that there is a non-trivial zero-mode static perturbation at the threshold of the instability. The existence of such zero-mode indicates that there must be a non-spherical symmetric solution branch of static charged de Sitter black holes, whose specific form can be constructed by solving the large D effective equations. In this work, we would like to investigate the effect of the cosmological constant and/or the charge on the stability of the Gauss-Bonnet black holes.
The remaining part of the paper is organized as follows. In Section 2 we briefly review the (Anti-)de Sitter charged Gauss-Bonnet black holes. In Section 3 we derive the large D effective equations for the black holes, and in Section 4 we perform the stability analysis of various black holes in the theory with a positive Gauss-Bonnet term. In Section 5 we extend the stability analysis of the black holes to the case with a negative Gauss-Bonnet term. We end with some conclusion and discussions in Section 6.
(Anti-)de Sitter charged Gauss-Bonnet black holes
Let us consider the Gauss-Bonnet gravity with a positive cosmological constant, coupled to the Maxwell theory. Its action is given by
(2.1) Here α is the the Gauss-Bonnet coefficient. It is positive definite and inversely proportional to the string tension in the heterotic string theory [14] . However, we do not restrict ourselves to the case α ≥ 0 and allow it to be free parameter in this paper. The cosmological constant can be negative, which gives the black hole solution in AdS, but the form of the solution is similar.
From the action, we obtain the equations of motion for the metric 2) and the Maxwell equations
where
The spherically symmetric charged de Sitter Gauss-Bonnet black hole has the metric [17]
In the following discussion we will assume that the largest root of f (r) = 0 which corresponds to the outer horizon always exists. In the metric function f (r), M is the mass of the black hole which can be expressed as
It is easy to see that when 1/L → 0 and Q → 0, r + is just the horizon radius of the usual Gauss-Bonnet black hole. In order to discuss the large D expansion more conveniently, we introduce
and R = r r 0 n , (2.10)
2 Note that here we use the convention in [24] . It seems that there is a typo for the field strength Fµν in eq.(1.4b) in [17] . The correct form should be F =
where r 0 is a constant parameter and can be set to be unity. In order to see the effect of the gauge field on the solution in the large D limit, we should replace Q e with another O(1) variable
in terms of which the gauge field can be written as
In terms of R, at the leading order of 1/n expansion, f (r) becomes
From the above expression we can see that if we use Q e instead of Q, at the leading order of 1/n expansion the gauge field term disappears. This fact suggests that the variable Q is more appropriate in the large D expansion.
Large D effective equations
In this section, we derive the large D effective equations for the theory (2.1) and hence study the stabilities of the solutions. First of all, for the spherically symmetric metric solution (2.4) we can make the metric ansatz in terms of the ingoing Eddington-Finkelstein coordinates as
where z is the inhomogeneous coordinate and can be interpreted as one of the coordinates of dΩ 2 n+1 . The generalization to the case with several inhomogeneous coordinates would be straightforward. It might also be possible to use this metric to describe Gauss-Bonnet black strings with appropriate embedding of the membrane, where z is the direction the string extends along. In this article we will not pursue this interesting problem further but leave it for future work, instead we just focus on the black hole solutions.
The gauge filed ansatz is
As explained in [23] , the A r dr term is omitted due to the fact that it does not contribute to effective equations at the leading order in the 1/n expansion. For example in F tr = ∂ t A r − ∂ r A t , the first term is of O(1/n) if we assume that A r = O(1/n), but the second term is of O(n) since ∂ r = O(n). The functions in the metric and gauge fields generally depend on (v, R, z) except that G and H depend only on z because at the asymptotic infinity ∂ v is a Killing vector. In order to do the 1/n expansion properly we need to specify the large D behaviors of these functions. Their large n scalings are respectively
At the leading order, since ∂ r = O(n), ∂ v = O(1) and ∂ z = O(1) the equations of motion only contain R-derivative so they can be solved by performing R integrations. The leading order solutions can be written as 3
The integration functions in the solutions are the functions of (v, z). In fact it is easy to see that in the limitα → 0 the above expressions reduce to the ones found in [23] . Moreover the effect of the Gauss-Bonnet term only appears in the functions A and C z , without appearing in other functions. In particular C z has a simple relation with A as
which has also been found in the Einstein gravity.
Comparing with the exact solution (2.13) we can read the physical meanings of the integration functions appearing in the leading order solutions: m(v, z) and q(v, z) are the mass density and the charge density respectively, p z (v, z) is a momentum density along z direction, A 0 is a constant which is independent of v and z, and u z is a shift vector on a r = const. hypersurface. At the leading order u z can be gauged away so it vanishes identically. From the leading order form of the metric it is easy to find the outer and inner horizon radii of the dynamical black hole, which correspond to the two roots of A = 0,
At the next-to-leading order, we could obtain the equations for m(v, z), q(v, z) and p z (v, z). They can be taken as the effective equations for the charged de Sitter GaussBonnet black holes. These equations are
Besides, in order to describe the embedding of the membrane in the background spacetime, we need to do "(D − 1) + 1" decomposition on a r = const. surface. Then the momentum constraint of the decomposition at the leading order gives
The constraint suggests that u v can be regarded as a constant.
it is straightforward to find a static solution from these effective equations. From (3.9) and (3.10), we obtain
where K is a constant. Plugging (3.13) into (3.11) and setting m(z) = e P (z) , we have the equation for P (z)
The functions H(z) and A 0 are given through an embedding of the leading order solution into a background spacetime, and they should satisfy the condition (3.12). As long as we know H(z) and A 0 , we can determine the function m(z).
There are two special cases worth noticing. The first one is the limitα = 0. In this case (3.14) is used to describe the de Sitter charged black holes. At the extremal limit R + = R − , (3.14) is not valid any more. This fact can be seen directly from the denominator of the first term in the square bracket in (3.14)
which becomes zero in the extremal limit. In other words, the extremal point is singular for the de Sitter Reissner-Nordstrom black holes, similar to the case for the charged black ring [25] . In contrast, for the Gauss-Bonnet gravity, this singular behavior does not arise, because (3.14) is always regular for the physical solution. The other special case is the limit A 0 = 0. In this case it is obvious (3.13) is not valid, neither is (3.14). From the effective equations, in this limit we obtain m(z) = const., q(z) = const. and p z (z) = 0. Hence in this special case, no inhomogeneous solution exists. In this static case R + is proportional to m(z) and ∂ v becomes the Killing vector. Consequently the surface gravity κ can be expressed in terms of S + in (3.15)
with
As C is a constant, so is the surface gravity.
It was interestingly noted in [4, 5, 11] that the stationary large D black holes are the solutions of an elastic theory. For example, for the neutral static black holes the effective membrane embedded in the background must satisfy the equation
where K is the trace of the extrinsic curvature of the membrane, v represents the Lorentz boost on the membrane, κ is just the surface gravity of the black hole and g vv is the redshift factor on the membrane. Especially for the static black holes in the Minkowski background √ −g vv = 1, the membrane amounts to a spherical soap bubble. For GaussBonnet black holes, the static solutions we obtained above are also the solutions of an elastic theory, but the equation is not as simple as the one (3.19) . For example, if we treat α as a small quantity and keep its leading order, for the neutral case K = 0, we have
However, from (3.17) after setting K = 0 we find
Obviously, these two equations cannot be equal generally unless A 0 = 0, which would lead to a trivial solution. Nevertheless, we still can write the static solutions in a elastic form, that is √ −g vv K = constant. (3.22) 4 Instability of de Sitter charged Gauss-Bonnet black hole
By embedding H(z) and A 0 into the de Sitter spacetime, the de Sitter charged GaussBonnet black hole is obtained as a static solution of the effective equations. The embedding in the spherical coordinates is given by
In order to keep A 0 non-negative we demand L ≥ 1. Then the de Sitter charged GB black hole is given by a static solution
Here we just set the horizon radius to be unity R + = 1 for convenience, so (4.2) is related to (2.13) by
and K in (3.13) is related to Q by
Besides, as the radius R must be positive, the physical solution requires that
where the extremal case R + = R − corresponds to the saturated case Q 2 = 1 − 1 L 2 +α. Now consider the perturbations around the static solution (4.2) with the ansatz
In order to make the above expressions simpler, let us introduce
then the condition (4.5) becomes
and eq. (4.6) becomes
We have two kinds of the perturbations, the charge perturbation and the gravitational perturbation. The charge perturbation is defined by F m (z) = F q (z), which describes the fluctuation with a net charge. The gravitational perturbations which describe density fluctuation are uniquely decomposed into scalar, vector and tensor type. They can be expanded in terms of the harmonic functions of different types. For the most interesting scalar-type perturbation F m (z) = F q (z), which is related to the spherical harmonics Y on S n+1 . At a large n, z = π/2 we know 4 Y ∼ cos z.
To read the quasinormal modes of the perturbations, we need to impose appropriate boundary conditions on the perturbations. The perturbations should satisfy the outgoing boundary condition at the asymptotical infinity and the ingoing boundary condition at the horizon. The latter condition has naturally been achieved as we have taken the ingoing Eddington-Finkelstein coordinates. The former condition requires that at large R
which obviously holds here. So plugging (4.7) and (4.10) into the effective equations (3.9), (3.10) and (3.11), we obtain the quasinormal mode for the charge perturbation 12) so the charge perturbation is stable. This result is the same as the case without a GaussBonnet term [7, 23] For the scalar-type gravitational perturbation we obtain the quasinormal mode condition as
This is a quadratic equation in ω, which can be solved analytically. One important feature of the above equation is that the linear term in ω is purely imaginary, so the solution is of the form
where ω i is a positive real number, and ω r is the square root of something ω r = √ W . 4 This can be seen from the definition of the spherical harmonics ∆ S n+1 Y = − ( + n)Y where
+ sin −2 z∆Sn . At z = π/2 and in the large n limit, it is easy to get that
More precisely, the solution is
In the limit α → 0 the solutions reproduce the ones for the de Sitter Reissner-Nordstrom black hole in [23] . When W < 0, the frequency of the quasinormal mode becomes purely imaginary, and especially ω + = i( √ −W −ω i ) may have a positive imaginary part, suggesting the black hole is unstable. The necessary condition that ω + has a positive imaginary part is
Asymptotically flat Gauss-Bonnet black hole Firstly, let us consider the asymptotically flat case which corresponds to L → ∞. For the neutral case Q = 0, we easily obtain the frequencies of the scalar-type quasinormal mode as
In the small and large α limits, we get 19) which agree exactly with the ones found in [18] , suggesting the black hole is stable. For a generic Gauss-Bonnet parameter, it has not been discussed in [18] , as the analysis based on the master equations becomes rather difficult. Here it is fairly easy to read the quasinormal modes. In this case the necessary condition (4.17) becomes which can never be satisfied. It turns out that there is no instability for the neutral GaussBonnet black hole at large D for any value of the Gauss-Bonnet coefficient. The result is consistent with the one found in [21] that when the spacetime dimension is large enough, the Gauss-Bonnet black hole is always dynamically stable. When the charge is taken into account, from (4.15) we find that
The necessary condition (4.17) now becomes
since the charge is restricted to Q 2 ≤ 1 + α, the above condition can never be satisfied.
Hence the imaginary parts of the frequencies are always negative. This suggests that the asymptotically flat charged Gauss-Bonnet black hole at large D is always stable under the scalar-type gravitational perturbation, similar to the case of Reissner-Nordstrom black hole [7] , although until now there is no numerical study to verify this. In addition, it would be interesting to note that at extremity, that is Q 2 = 1 + α, from (4.21) we find that ω + becomes
For the extremal Reissner-Nordstrom black hole α = 0 such that ω + = 0. In contrast, for the extreaml Gauss-Bonnet black hole ω + = 0.
de Sitter Gauss-Bonnet black hole When there is a positive cosmological constant, the stability of the Gauss-Bonnet black hole is different. In [22] the authors found that the Gauss-Bonnet black hole in de Sitter spacetime becomes unstable for D ≥ 5 at sufficiently large values of the cosmological constant Λ, by using numerical analysis. This new kind of instability is called "the Λ-instability", because it does not take place for asymptotically flat spacetime. Here we can show this point explicitly in the large D limit. Consider first the neutral Gauss-Bonnet black hole without charge Q = 0, from (4.15) we obtain
From this formula it is not hard to determine when the quasinormal mode frequency has a positive imaginary part so that the black hole becomes unstable. For example, when L is sufficiently small, the term W (L, α) becomes negative, so the frequency ω + may have a positive imaginary part. Actually, the necessary condition (4.17) that the frequency ω + has a positive imaginary part is 2(3+2 (−1+α)−α)α+L 4 (−1+ )(1+α+2α 2 )+L 2 (−1+α(−5+ (2−6α)+4α)) < 0. (4.25)
From Fig. 1 we see that the quasinormal mode frequencies ω ± of de Sitter GaussBonnet black hole become purely imaginary when 1/L > 0.52, and Im[ω + ] > 0 when 1/L > 1/ √ 2 suggesting the black hole could be unstable under a perturbation. In Fig. 2 we show the unstable region of the de Sitter Gauss-Bonnet black hole. It is easy to see that for a given α, when L is smaller than a critical value L the de Sitter Gauss-Bonnet black hole can always be unstable. This is consistent with the conclusion in [22] that when the cosmological constant is large enough, the black hole is unstable. From (4.24), in the limit α → ∞, it is easy to obtain
It would be interesting to compare the "Λ-instability" in the de Sitter Gauss-Bonnet black hole with the one in the de Sitter Reissner-Nordstrom black hole. In the latter case, for a fixed charge Q, the instability appears when the cosmological constant obeys the following relation 1 Obviously the presence of the charge can lower the critical value of the cosmological constant. On the other hand, for a fixed cosmological constant, when the charge is larger than the critical value [23] 
the de Sitter Reissner-Nordstrom black hole becomes unstable. In Fig. 3 we show the unstable region in the de Sitter Reissner-Nordstrom black hole. From Fig. 2 and Fig. 3 we can see that in both cases larger 's reduce the size of the unstable region, so = 2 corresponds to the most unstable mode. Note that from the left panel of Fig. 2 , we can see that the unstable region of the de Sitter Gauss-Bonnet black hole seems to extend to L = 1 and α = 0. However, L = 1 leads to A 0 = 0, the form (4.8) is not correct any more. Instead we should use the original quantities (4.6) with Q = 0 andα = 0. This obviously means that our solution breaks down in this limit since m(v, z) = 0. This occurs also for the de Sitter Reissner-Nordstrom black hole [23] as observed in the left panel of Fig. 3 . For the de Sitter Reissner-Nordstrom black hole L = 1 is the Nariai limit but here the Nariai limit happens at L = 1/ √ 1 +α which is beyond the range we can touch as we require L ≥ 1.
When both the charge and the Gauss-Bonnet term are taken into account, the instability of the black hole becomes complex. For simplicity, we take = 2 to illustrate their effects on the instability. In Fig. 4 we depict the unstable region of the de Sitter charged Gauss-Bonnet black hole in (α, Q, L) space. In order to show the effect of the charge, we compare the unstable regions with and without the charge in the left panel of Fig. 5 . We can see that the presence of the charge enlarges the unstable region and lowers the critical value L . To show the effect of the Gauss-Bonnet term, we compare the unstable regions with and without the term in the right panel of Fig. 5 . The presence of the Gauss-Bonnet coefficient α enlarges the range of Q due to the relation Q 2 ≤ 1 + α, but the effect of α on the instability of the black hole depends on the value of the cosmological constant. When L is large, α helps to stabilize the black hole, such that in some range of L the black hole is always stable no matter what value the charge is taken. However, when L is small, α helps to destabilize the black hole. Moreover, if α is very large, the stability of the black hole is totally determined by the cosmological constant, L > L or L < L , but being independent of the charge, which can be seen in Fig. 6 . In addition, the angular quantum number plays the same role as in the case without the Gauss-Bonnet term or the charge, so = 2 corresponds to the most unstable mode of the de Sitter charged Gauss-Bonnet black hole.
AdS charged Gauss-Bonnet black hole The above discussion can be easily applied to the AdS case by replacing L → iL, except that in this case we require 4α/L 2 ≤ 1, or in terms of α, which is expressed as 29) in order to have a well-defined vacuum. The analogous effective equations and quasinormal modes can be obtained after such a replacement. From (4.17), after the replacement L → iL we obtain the necessary condition for the existence of unstable mode Then it is evident that the AdS charged Gauss-Bonnet black hole is always stable at large D.
Deformed static solution It was found in [26] that for the de Sitter charged black hole in higher dimensions there exists deformed black hole solution at the edge of the instability. This kind of deformed solution is not spherically symmetric any more. In [23] , the deformed solution of the de Sitter charged black hole has been constructed from the large D effective equations. It is interesting to see if there is similar phenomenon for the Gauss-Bonnet gravity.
From the perturbation analysis we notice that the deformed static solution does exist in the Gauss-Bonnet gravity. Since the unstable mode is always of a purely imaginary frequency, at the edge of the instability, there exists a non-trivial zero-mode (ω = 0) static perturbation, suggesting the existence of a non-spherical symmetric static solution branch. By solving the large D effective equations (3.9), (3.10) and (3.11) in the static case, we are able to find such a static non-spherical symmetric de Sitter charged Gauss-Bonnet black hole solution. In the background of de Sitter spacetime (4.1), from (3.13) and (3.14) in terms of m(z), q(z), p z (z) and Q, the static solution is given by
where 
(4.33) P 0 and P 1 are the integration constants, whose physical meanings become clear after comparing with (4.10). If we set the horizon radius R + = 1 then e P 0 = 1 + α + Q 2 , so P 0 is an O(1/n) redefinition of the horizon radius. P 1 describes an O(1/n) amplitude deformed from spherical symmetry. The solutions is not analytic at z = π/2 for general Q, α and 1/L. However, at the edge of the instability, the right hand side of (4.17) must be zero such that P 2 = . In this case, the solution becomes regular. For ≥ 2, the solution is a static solution without spherical symmetry.
The caseα < 0
Now we discussion the case that the Gauss-Bonnet term has a negative coefficient, i.e. α < 0. From (3.8) we find a restriction on the value of α, that is
otherwise the solution is not well-defined. With this condition it is easy to extend the previous discussion to the case α < 0. Here we focus on the stabilities of the solutions. The necessary condition for the scalar gravitational perturbation to have an unstable mode is given by
Different from the one in (4.17), the first factor in the above expression could be negative, as now α < 0. This makes discussion on the instability of the black hole slightly more complicated than the case α > 0. It is convenient to decompose the above expression into two parts
then the necessary condition (5.2) is equivalent to
In other words, the necessary condition for the black hole to develop the unstable mode is either f 1 > 0, and f 2 < 0, (5.6) or f 1 < 0, and f 2 > 0.
In the former case, the discussion of f 2 < 0 is similar to the one for the case α > 0. Asymptotically flat Gauss-Bonnet black hole For the asymptotically flat charged Gauss-Bonnet black hole, the necessary condition (5.2) is reduced to
from which it is straightforward to read the unstable regions, as shown in Fig. 7 , where we have taken into account that Q 2 ≤ 1 + α. In particular, if α < −1/2, the first factor 1+2α < 0 while the factor in the second bracket is positive definite such that the black hole is always unstable, even when Q = 0. On the other hand, when α → 0, the unstable region becomes more and more smaller. When α = 0 the unstable region becomes vanishing and the black hole becomes stable, which is in accord with the fact that the asymptotical flat charged black hole in the Einstein gravity is always stable.
de Sitter Gauss-Bonnet black hole For the de Sitter charged Gauss-Bonnet black hole, the region f 1 < 0 is given by
if α ≥ −1/2, then f 1 ≥ 0 is always satisfied and the unstable region is determined by f 2 < 0. In Fig. 8 we show the unstable regions of the de Sitter charged Gauss-Bonnet black hole with different values of α ≥ −1/2. Similar to the case α > 0, the larger angular quantum number reduces the unstable region as well, and the instability occurs only when the charge is larger than a critical value. But now as the Gauss-Bonnet coefficient α is negative, the range of Q shrinks due to the relation (4.9), as one can see from Fig. 8 . If α < −1/2, then f 1 could be negative. When f 1 is negative, as
so f 1 < 0 has no overlap with f 2 < 0, both of them belonging to the unstable regions, as shown in Fig. 9 . For the unstable region f 2 < 0, the angular quantum number has the same effect on the instability as the one in the case α ≥ −1/2: the larger , the smaller the unstable region. On the other hand, the unstable region f 1 < 0 is determined by the cosmological constant 1/L 2 : the smaller 1/L 2 , the smaller the unstable region.
AdS Gauss-Bonnet black hole To discuss the instability of the AdS charged GaussBonnet black hole, we just need to replace L by iL as before. The necessary condition for the existence of unstable mode is still given by f 1 · f 2 < 0, with f 1 and f 2 being now defined by The upper left corner shows that a larger leads to a larger unstable region. On the contrary the right upper corner shows that a larger corresponds to a smaller region. However, the right upper corner is the region overlapping with f 1 < 0 so that it actually belongs to the stable region. In any case, a larger always leads to a smaller unstable region.
The region f 1 < 0 is given by
as now we only demand satisfied for the whole range of the parameters. This can be seen as follows, from (5.13) we observe that the coefficients of the linear Q 2 terms are all negative, so
It is easy to determine that the minimum of the right hand side of the above expression occurs at α = −1/2, such that
If α ≥ −1/2, different from the discussion in the de Sitter case, f 1 < 0 and f 2 < 0 have overlapping region when both L and |α| are small, as shown in Fig. 10 . Such overlapping region corresponds to stable black holes. To see the effect of the angular quantum number on the instability, we depict the region f 2 < 0 with different in Fig. 11 , from which we can see that a larger leads to a larger unstable region. This is different from the case with a positive Gauss-Bonnet term, in which = 2 has the largest unstable region.
It would be interesting to consider the α → 0 − limit. According the previous discussion, when α ≥ 0, the AdS Reissner-Nordstrom black holes are always stable. Actually, from Fig. 10 we can see that as α turns to zero, the unstable regions shrinks. This can be seen more clearly in Fig. 12 , where we depict the unstable regions with α being close to zero. From Fig. 12 we can see that when the range of L is fixed, as α → 0 the unstable region shrinks to zero. However, for a fixed tiny α as long as L is sufficient small the unstable region always exists. But we note that the validity of the 1/n expansion requires that 1/L to be finite, so L cannot be arbitrary small. Therefore the α → 0 limit is in accord with the fact that the AdS Reissner-Nordstrom black holes are always stable.
Deformed static solution The discussion of the deformed static solution in the previous section can be naturally extended to the case with a negative Gauss-Bonnet term. Since in this case the unstable mode is also of a pure imaginary frequency, so identically at the edge of the instability there exists a non-trivial zero-mode static perturbation indicating the existence of a non-spherical symmetrical symmetric static solution branch. By solving the large D effective equations in the static case, we can find such a static solution as well. The solution is also given by (4.31) and (4.32), where P 2 is given by (4.33) when the black hole is in the de Sitter spacetime, and P 2 = 1 or
18) when the background spacetime is asymptotically flat or AdS correspondingly.
Summary
In this article we studied static Gauss-Bonnet black holes at large D. For generality, we considered the black holes in the Einstein-Maxwell-Gauss-Bonnet theory with a cosmological constant. The black holes include the charged black hole in the asymptotically flat and (A)dS spacetimes. After deriving the large D effective equations of the black hole to the next-leading order of 1/D, we showed that the static black hole could still be the solution of an elastic theory. Actually we found the relation √ −g vv K = constant for the membrane embedding. Different from the Einstein gravity, the constant in the relation is not simply the surface gravity. Moreover, by considering the embedding of the membrane in the spherical coordinates, we read the static solutions and furthermore investigated their instabilities.
Considering the perturbation around the exact solutions, we could read the charge and scalar-type quasinormal modes of the static Gauss-Bonnet black holes analytically. The results we got can be summarized as following. If the Gauss-Bonnet term is positive, the black holes could be stable or unstable, depending on the cosmological constant, charge and the Gauss-Bonnet coefficient.
1. For the static asymptotically flat Gauss-Bonnet black hole, it is always stable, no matter it is charged or not, and no matter how large the Gauss-Bonnet parameter is. This answers the unsolved question on the stability of the Gauss-Bonnet black hole studied in [18] in which only the black hole with a small or a large Gauss-Bonnet parameter has shown to be stable.
2. For the static asymptotically AdS Gauss-Bonnet black hole, it is always stable, no matter it is charged or not.
However, the presence of the Gauss-Bonnet term does make difference. When the cosmological constant is small, the term helps to stabilize the black hole such that the black hole could be stable no matter how large the charge is. When the cosmological constant is large, on the contrary the term helps to destabilize the black hole such that the unstable region is enlarged. When the Gauss-Bonnet coefficient is very large, the stability of the black hole is determined by a critical cosmological constant which is independent of the charge.
4. At the marginal lines of instabilities there exists a non-trivial zero-mode static perturbation. This suggests the existence of a non-spherically symmetric static charged de Sitter Gauss-Bonnet black hole solution branch, which can be constructed by solving the large D effective equations.
On the other hand, if the Gauss-Bonnet term is negative, the stability of the black hole is slightly more complex. The presence of such a negative term would make the black holes unstable. It turns out that the Gauss-Bonnet black hole could be unstable no matter the spacetime is asymptotically flat or (A)dS. Especially, if α < −1/2, the asymptotically flat and AdS Gauss-Bonnet black holes are always unstable for the whole range of the parameters. But as the parameter α turns to zero, the unstable regions shrink to zero for the asymptotically flat and AdS black holes. Furthermore, similar to the case with a positive Gauss-Bonnet term, there exists a non-spherically symmetric static black hole solution branch as well.
The work in this paper can be extended in several directions. For example, it is possible to study Gauss-Bonnet black branes by using the large D expansion method. Up to now the Gauss-Bonnet black brane has not been known in a closed form. The large D expansion method may provide a potential tool to construct the analytical solution and help to study the phase structure and the Gregory-Laflamme instability [27, 28] . The similar discussions have already been made in the Einstein gravity [8, 10, 11, 12, 29] . It might also be interesting to extend the study to the rotating cases, just like the ones in the Einstein gravity [5, 30, 31] . In the Gauss-Bonnet gravity, the construction of the rotating black holes is still an open question. We wish the large D analysis may shed light on this interesting issue. Moreover, it is certainly interesting to address various issues of the Gauss-Bonnet black holes in the framework of membrane paradigm developed in [32, 33, 34, 35, 36] .
